Abstract. The paper proposes a method of estimating the properties of a fine aggregate steel fibre reinforced cementitious composite using non-destructive methods. Two methods were selected to identify the properties of such a composite. One of them uses electromagnetic induction in order to estimate the content of steel fibres dispersed in the composite space, while the other is based on the determination of ultrasonic wave velocity propagating through the composite. Having defined correlations between the properties of the fibre reinforced composite and non-destructive testing parameters, regression equations were determined. Seven relationships between properties of fibre reinforced composite as the dependent variables and two independent variables, i.e.: amperage and ultrasonic wave velocity, were established. Knowing the amperage and the ultrasonic wave velocity, the basic properties of the fibre reinforced composite can be determined from the regression equations in a non-destructive manner. In order to verify the equations, three plates with different amounts of steel fibres were made in field under natural conditions, and next subjected to non-destructive tests. The tests showed good compatibility between the experimental results and those of calculations, which indicates the correctness of the formulated equations.
Introduction
Concrete is currently the most commonly applied building material and, over the recent years, a dynamic increase in concrete engineering has been observed throughout the world. Because of the advantages it offers, such as its general availability and relatively low costs of production, concrete is widely applied in the residential and industrial construction sector.
Modern-day structures pose a difficult task out for engineers, connected with fulfilling the requirements of limit states (LSs) in very diverse conditions of static and dynamic impacts. Unfortunately, concrete is a brittle material, which becomes more fragile along with increasing loads. Its low tensile strength and susceptibility to crack propagation has been forcing researchers to seek out new types of concrete, the physical and mechanical parameters of which will meet the current requirements.
Strength and serviceability requirements for construction materials have led to the mixture of the mineral composite, i.e. cement, aggregate and water, becoming a relic of technology. Currently, the composition of the mixture is enriched with various admixtures (plasticizers, superplasticizers, air entraining admixtures or ones delaying or accelerating hardening time) and additives (silica dust, blast furnace slag, fly ash). In an effort to increase tensile strength of such a composite, scattered reinforcement in the form of fibres, e.g. steel, glass, polypropylene, polyethylene or carbon, are also introduced. In such a way, we obtain the so-called fibre reinforced cementitious composite (FRCC) .
Currently, the popularity of fibre reinforced concrete, generally referred to as fibre reinforced composite, is continuously increasing, both on a national and global level.
In certain applications, they serve as an alternative to ordinary concrete. The most important advantages of FRCC include: higher tensile strength in the early stages of curing compared to ordinary concrete, higher axial tensile strength (Lee 2018; Yazıcı et al. 2007 ) and flexural tensile strength (Kim et al. 2016) or splitting tensile strength (Balanji et al. 2017; Yap et al. 2016) , high dynamic resistance (Li et al. 2016; Teng et al. 2008; Wang et al. 2008) , limited crack propagation in structural elements (Uygunoğlu 2008) , better reaction to destruction (Wang et al. 2010 ) (destruction does not occur abruptly), the possibility of reducing traditional reinforcement, or high heat resistance (Sukontasukkul et al. 2010) . The fundamental drawbacks of FRCC are mainly: relatively high cost of fibres, worsened workability along with increased fibre content, and the lack of guidelines for designing elements made of FRCC (Benoa, Hilara 2013) .
Due to good physical and mechanical parameters of FRCC, they are currently applied for creating various structural elements, such as foundation slabs, floor slabs (Gholamhoseini et al. 2016) , columns (Bae et al. 2018) , beams (Mahmod et al. 2018) , thin-shell structures, industrial flooring, elements of bridges (Zhang, Dias-da-Costa 2017) , tunnels (Meng et al. 2016) , elements for reinforcing mining excavations, and even in structures at risk of seismic impact as well as for preparing structural elements of nuclear power plants.
Considering such a broad spectrum of application for FRCC, the lack of a fast, non-invasive and effective method of assessing its properties can be noticed. Moreover, the applied methods of assessing the properties of a FRCC on standardized specimens do not allow for an accurate assessment of the distribution of the values of its properties within the elements and structure. Proper monitoring of the quality of the material in a structure involves the assessment of its properties and uniformity using methods which do not result in damage to the analysed element.
An important element in the diagnosis of construction elements made of FRCC is to determine the distribution of fibres in the volume of the composite which are randomly arranged. Some of the non-destructive methods allow for such evaluation as electrical resistivity measurements (Lataste et al. 2008) , computed tomography (Pinter et al. 2018) , analysis of the image of cross-sections of the diagnosed element which the authors presented in the paper (Głodkowska, Kobaka 2012) . The distribution of fibres in the FRCC space affects its properties to a large extent (Lusis et al. 2017) . It is shaped by a number of factors such as: the matrix properties (i.e. consistency of the mixture, the size of the aggregate grains), the process of mixing, forming and compaction. During the mixing and forming phase, the fibres tend to disperse in the composite space and they are given a spatial orientation. During the compaction of the FRCC mixture the fibres partially settle (Głodkowska, Kobaka 2012) .
The article proposes a means of determining the properties of a fine aggregate FRCC using non-destructive methods. Two methods were selected for identifying the properties of such a composite on the basis of literature studies (Hoła, Schabowicz 2010; Meyer 2009 ). One of them uses electromagnetic induction to assess the level fibre content in the composite; the other is based on establishing ultrasonic wave velocity in composite space. The correlation of results obtained using non-destructive methods with corresponding values of composite features determined experimentally made it possible to establish regression equations. In these equations, the independent variables are amperage (I) and ultrasonic wave velocity (V). The dependant variable is a property of a fine aggregate FRCC. The study was carried out for different steel fibre volume fractions in a fine aggregate FRCC.
Materials and sample elements
Post-glacial sand obtained following the process of hydroclassification from the region of West Pomerania was used to make the sample elements. Applying such sand is consistent with the global tendency connected with environmental sustainability (Meyer 2009; Hendriks, Janssen 2003; Soares et al. 2014; Ulsen et al. 2013) . A similar situation, with excessive sand fractions, may be observed in other areas of the world, e.g. in the Middle East or North Africa (Al-Harthy et al. 2007) . Figure 1 presents sieve curves of sand indicated by various authors. The results do not differ significantly despite the fact that the sands derived from various aggregate quarries found in the area of northern Poland. This proves that the deposits were formed in the same period and are probably post-glacial and fluvioglacial sediments.
Another component was Portland cement CEM II/A-V 42.5R, silica dust and a superplasticizer containing pozzolana. Reinforcement comprised hook-shaped steel fibres with a slenderness ratio of λ = l f /d f = 62.5 (l = 50 mm, d = 0.8 mm). The characteristics of the steel fibres used are discussed in Domski and Głodkowska (2017) . The composition of the matrix was modified by the addition of silica dust as well as a superplasticizer allowing for a w/c = 0.38 ratio to be obtained. The content of steel fibres (V f ), which were added in doses of 0.5% of the FRCC volume up to 2.5%, was assumed as the varying component of the FRCC. Fibres in the FRCC mixture were distributed in a random manner. Compressive strength (f c,cube ), splitting tensile strength (f t,spl ), apparent density (ρ), and dynamic modulus of elasticity tests (E d ) of the fine aggregate FRCC were carried out on cubic specimens with sides measuring 150 mm. Shrinkage (ε s ) was determined on beams measuring 100×100×400 mm. Tests for dynamic shear modulus (G d ) were carried out on beams measuring 100×100×500 mm. Abrasion resistance (S) of the FRCC was tested on cubic specimens with sides measuring 71 mm. The number of specimens necessary for determining the average statistical value of the analysed property was indicated based on the statistical analysis of results of preliminary studies at υ = 10% tolerance and a = 0.10 level of significance.
Characterization and testing
Strength f c,cube was determined in accordance with EN 12390-3 (2009), and strength f t,spl acc. to EN 12390-6 (2009). Apparent density ρ was indicated in accordance with EN 12390-7 (2000) guidelines, while the dynamic modulus of elasticity Ed was defined on the basis of the analysis of ultrasonic wave velocity in accordance with. Resistance to abrasion S of the composite was determined according to guidelines given in PN-84/B-04111 (1984) . The shrinkage strain εs of the composite in time t was monitored until it had reached stabilization (1 year) at a relative humidity of 50±3% and temperature of 20±2 °C. The dynamic sheer modulus G d was determined on the basis of torsional vibrations of the beam (Figure 2 ) on the basis of relationship (1) (Weiler, Grosse 1995 
where R -coefficient dependant on the dimensions of the beam cross section b and h: . Upon inducing torsional vibrations by impact with a steel ball, the signal from the sensor (Figure 2 ) was transmitted to a SVAN 910A noise and vibration analyser. The torsional vibration frequency was indicated in this analyser based on Fourier's analysis.
The remaining non-destructive tests were carried out using a reinforcement detector (accuracy of 0.2 mA) and ultrasonic concrete tester -betonoscope (accuracy of 0.1 ms) with a measurement frequency of 54 kHz. The first of these methods (using reinforcement detector), based on electromagnetic induction, was used to assess the steel fibre reinforcement content in the analysed FRCC and indicate the correlation of its selected characteristics and the induced amperage I. The second of these methods (using betonoscope) was applied for determining the correlation of FRCC characteristics and ultrasonic wave velocity V (Hoła, Schabowicz 2010; Meyer 2009 ).
Test results and analysis
Non-destructive studies, accompanying all destructive one-time tests, allowed for determining the relationships between them. Figures 3-6 present the correlation between strength f c,cube , density ρ, modulus E d , resistance to abrasion S and amperage I. Strength f c,cube (Figure 3 ) and density ρ (Figure 4 ) increase along with an increase in amperage I, though this is not a straight-line relationship. For high values of amperage (I > 3 mA), which correspond to fibre content of V f > 1.5% in relation to the volume of the FRCC, the increase in strength f c,cube and density ρ is insignificant. This is caused by the aeration of the FRCC mixture by high fibre volume fraction during mixing (Maidl 1995) . The value of modulus E d increases along with an increase in amperage I, though above the value of I = 2.9 mA, which corresponds to 1.8% fibre volume fracture, the value of the modulus decreases ( Figure 5 ). This is also caused by the aeration of the FRCC mixture. The fibre-free composite was characterized by a 10% lower dynamic modulus of elasticity than the composite with fibre volume fraction V f = 1.5%. The highest abrasion resistance is revealed by the FRCC at an amperage of I = 2.2 mA (Figure 6 ) which corresponds to a fiber content of 1.4%. In the case of shrinkage S, the increase in amperage I, which corresponds to increasing fibre volume fraction in the FRCC, is accompanied by limited shrinkage strain.
The functions describing the correlation between strength f c,cube and fibre volume fraction V f as well as amperage I (Figures 3 and 7) are characterized by a similar course; strength f c,cube increases in a non-linear manner along with an increase in fibres V f and amperage I. Thus, the dependence of fibre volume fraction up to V f = 1.5% in a composite having a significant influence on an increase in strength f c,cube . Above this value of fibre volume, an insignificant increase in strength f c,cube is observed. Moreover, the fact that the courses of functions shown in Figure 2 . Test setup for torsional vibrations (Weiler, Grosse 1995) Figures 3 and 7 are similar demonstrates the possibility of applying the method of electromagnetic induction for assessing the content of steel fibre reinforcement in FRCC. A similar correlation was also obtained for the remaining properties of the FRCC. In three cases, two curves were used to describe the relationship between strength f c,cube , density ρ, modulus E d and wave velocity V (Figures 8-10 ). Statistical analysis showed that the results of the studies described by the two curves do not belong to the same population. Figures 8-10 illustrate that, following an increase in fibre volume fraction to 1.5%, a significant increase in strength f c,cube and density ρ, and modulus E d of the composite occur along with an increase in wave velocity V. Above 1.5% fibre volume fraction, the increase in strength f c,cube and density 
ρ is insignificant, while the value of modulus E d decreases, along with decreasing wave velocity. Moreover, it was observed that the resistance to abrasion S of the composite increases along with an increase in wave velocity V (Figure 11) .
Having defined the correlations of selected properties of the FRCC and parameters of non-destructive tests (V and I), regression equations y (property of the FRCC) in relation to x and z (amperage I and wave velocity V) were indicated from the analysis -compare Figures 12-15 , as well as Eqns (3)-(9).
With the knowledge of wave velocity V and amperage I from Eqns (3)-(9), the basic properties of the fine aggregate composite under study can be determined. 
Practical verification
In order to verify the system of Eqns (3)- (9), three slabs of varying steel fibre volume fractions, i.e. 0%, 1% and 2.5%, were prepared in field. After approximately three years of storing the sample element under natural conditions, they were subjected to non-destructive and destructive tests. Non-destructive tests have shown that for fibre volume fractions: 0%, 1%, 2.5% mean values of inducted current were respectively: 0 mA, 1.2 mA, 2.8 mA and mean val- Sample results of studies on the properties of the FRCC obtained using non-destructive tests and calculated using Eqns (3)-(9) have been compiled in Figures 16-19 . Analysis of the obtained test results showed that the differences between the values gained in the tests and calculated values were within the range from 2% for dynamic modulus of elasticity up to 9% for splitting tensile strength and were statistically insignificant. On this basis, a good agreement 2. The proposed regression equations will enable the non-destructive identification of properties of a fine aggregate FRCC. These relationships may also prove useful in determining the properties of other materials similar in terms of the composition of the mixture and fibre type.
3. The tested FRCC based on waste sands containing the steel fibre volume fraction 1-1.5% is characterized by the best physical and mechanical properties. Fibre addition above 1.5% because of the properties and the price between the experiment and the calculations was found which indicates the correctness of formulated equations.
Conclusions
1. The method of electromagnetic induction along with a method based on ultrasonic wave velocity can be applied to estimate the properties of a fine aggregate steel fibre reinforced cementitious composite (FRCC). is not effective. When comparing the properties of tested FRCC with the properties of ordinary concrete, it was concluded that the tested composite can be used for making thin-wall construction elements, i.e. industrial floors, plates, covers or construction of tunnels.
Notations
Variables R -coefficient dependant on the dimensions of the beam cross section b and h; S -Abrasion resistance; t -time of shrinkage; V -ultrasonic wave velocity; V f -fibre volume fracture; w/c -water/cement ratio; a -level of significance (statistical parameter); λ -slenderness ratio; ε s -shrinkage; ρ -apparent density; υ -tolerance (statistical parameter).
Abbreviations
FRCC -fibre reinforced cementitious composite; LS -limit state.
